Although positive FB is reported in up to 40% of patients admitted to the ICU (1), the association between exposure to positive FB and long-term outcome is unclear. Although some studies found a positive FB of greater than 10% of body weight is associated with increased risk of short-term mortality (2) (3) (4) , other studies found no such association (5) . Prior studies were also confounded by indication bias for fluid administration (6, 7) , included only a small number of patients (3), compared patients with positive FB to only negative FB (8), or did not control for premorbid conditions (e.g., chronic liver disease or heart failure) (9) .
Negative FB is reported in up to 30% of critically ill patients (10) and is associated with lower risk-adjusted short-term mortality in some observational studies (11) , whereas other studies report no such association (5) . Negative FB has also been advocated for early liberation from mechanical ventilation (5) . However, observational studies indicate that exposure to negative FB may be associated with harm such as neurocognitive dysfunction (12) . Furthermore, these studies have used positive FB as a comparator instead of even FB, which is a physiologic state. Whether exposure to negative FB, compared with even FB, is associated with long-term outcome is unclear.
Among patients receiving renal replacement therapy (RRT), positive FB has been hypothesized to impair renal recovery by distortion of tissue architecture (13) , predisposing to persistent dependence on RRT (14) , whereas negative FB has been associated with earlier independence from RRT (11) . However, no large study has examined the association between positive or negative FB, compared with even FB, on long-term renal recovery. In a large retrospective study of critically ill patients, we tested two hypotheses. First, we examined whether exposure to positive or negative FB, compared with even FB, is associated with risk-adjusted 1-year mortality. Second, among patients receiving RRT, we examined whether positive or negative FB, compared with even FB, is associated with renal recovery.
MATERIALS AND METHODS

Data Source
We conducted a retrospective study using a large academic medical center ICU database: the High-Density Intensive Care (HIDenIC) dataset. HIDenIC is a Health Insurance Portability and Accountability Act compliant, limited dataset of adult patients admitted to ICUs at the University of Pittsburgh Medical Center, Pittsburgh, PA, details of which have been published elsewhere (15) . The study population included adults admitted to medical, cardiac, abdominal transplant, cardiothoracic, surgical, neurovascular, neurotrauma, and trauma during an 8-year period (July 2000 through October 2008). More detailed description is in the supplement (S1, Supplemental Digital Content 1, http://links.lww.com/CCM/C452). The University of Pittsburgh's institutional review board approved the study.
Determination of Cumulative FB
For each patient, we determined the cumulative FB expressed as percentage (%) from ICU admission until the end of the index ICU stay or until initiation of RRT, whichever was earlier, using the following equation (16) 
Definition of AKI
AKI was defined and classified according to the maximum Kidney Disease Improving Global Outcomes criteria based on serum creatinine, urine output, or both (17) during their entire length of index hospitalization (S3, Supplemental Digital Content 1, http://links.lww.com/CCM/C452).
Outcomes
The primary outcome was time to mortality (censored at 1 yr) from the index ICU admission, and renal recovery defined as alive and independent from RRT at 1 year. Dialysis dependence data were obtained from the United States Renal Data System (18) and mortality data from the Social Security Death Master File (19) .
Statistical Analyses
We first examined the relationship between cumulative FB percentage and crude hospital mortality (Fig. E1 , Supplemental Digital Content 1, http://links.lww.com/CCM/C452). We defined negative, even, and positive FB as < 0%, 0% to < 5%, and ≥ 5%, respectively. For all analyses, patient characteristics were compared between those with negative or positive FB and even FB. Categorical variables were compared using chi-square test and continuous using one-way analysis of variance and Kruskal-Wallis test.
We assessed the strength of association between FB and outcomes by conducting a three-way matched case-control study in which patients with negative or positive FB (cases) were matched with even FB (controls) in a 1:1:1 ratio using propensity scores (S4, Supplemental Digital Content 1, http://links.lww. com/CCM/C452). We examined time to mortality censored at 1 year between the three FB groups using Kaplan-Meier failure plots and compared using log-rank test. We fitted Gray's model (20) (S5, Supplemental Digital Content 1, http://links.lww.com/ CCM/C452) to estimate risk-adjusted hazard ratios (AHRs) for association between positive or negative FB, compared with even FB (reference category), and time to mortality censored at 1 year using five time nodes and six intervals, since Cox models failed proportionality assumptions for several covariates. We also fitted multivariable logistic regression and estimated risk-adjusted odds ratios (AORs) for mortality and renal recovery.
We adjusted for differences in age, race, baseline serum creatinine, body mass index, comorbidities, cardiac disease, heart failure, chronic liver disease and associated sequelae, admission for liver transplantation, malignancy, surgery, Acute Physiology and Chronic Health Evaluation III score, vasopressor use, mechanical ventilation use, suspected sepsis, and hypotensive index at ICU admission, presence of oliguria, AKI during hospitalization, and use of RRT.
We performed three sensitivity analyses. First, we accounted for confounding due to undetected AKI caused by hemodilution by estimating FB-adjusted serum creatinine (21) (S6, Supplemental Digital Content 1, http://links.lww.com/CCM/ C452). Second, we varied the duration of FB calculation up to 72 hours and 7 days from ICU admission. Third, we used alternative threshold for defining FB as follows: negative (i.e., < -5%), even (-5% to 0%), and positive (≥ 0%). Statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC), and Gray's model analyses were performed using R 3.2.1 (University of Auckland. Stable beta version since 2000), assuming statistical significance at p value of less than 0.05.
RESULTS
Patient Characteristics
Of 45,568 patients, we excluded patients with no available baseline weight (n = 2,214), ICU duration less than or equal to 48 hours (n = 18,032), death within 72 hours of ICU admission (n = 663), chronic dialysis (n = 2,386), admission for and those with history of renal transplantation (n = 1,232), serum creatinine greater than or equal to 3.5 mg/dL within 1 year of hospitalization (n = 147), and missing data on FB (n = 2,810) (Fig. E2 , Supplemental Digital Content 1, http://links.lww.com/CCM/ C452). Of 18,084 patients who formed the analysis cohort, AKI developed in 15,229 patients (84%) and 1,545 patients (8.5%) received RRT. The distribution of negative, even, and positive FB were 26.6%, 28.2%, and 45.3%, respectively. Patients with positive and even FBs were slightly older than those with negative FB ( Table 1 ). Minor differences were noted among male sex, body mass index, and baseline serum creatinine between groups. History of cardiac disease and heart failure were more prevalent among patients with negative FB, whereas chronic liver disease, history of liver transplantation and admission for liver transplantation, multiple comorbidities, and malignancy were more prevalent in patients with positive FB.
At ICU admission, patients with positive FB were likely to be under surgical services, have sepsis, be severely ill, have severe hypotension, and require vasopressors or mechanical ventilation. AKI within 24 hours of ICU admission was more prevalent among patients with even FB. Patients with positive FB received more fluids in the first 24 hours of ICU admission and had a mean positive balance of 1,729 mL/d. Patients with negative FB had a mean negative balance of 713 mL/d. At 72 hours and 7 days, patients with positive FB had a median positive balance of 5.78 and 7.21 L, whereas patients in the negative FB had a median negative balance of 960 mL and 1.77 L, respectively (Table 1) .
Association Between FB and Mortality
Patients with positive FB were more likely to develop AKI, have oliguria, require RRT, have higher hospital length of stay, and increased mortality, compared with even or negative FB ( Table 2 and Fig. 1 ). After propensity matching, 2,306 trios were generated, wherein patients with negative, even, and positive FB had similar characteristics except AKI on ICU admission (Table E1 , Supplemental Digital Content 1, http://links. lww.com/CCM/C452). Patients with positive FB had higher RRT requirement and mortality (Table E2 , Supplemental Digital Content 1, http://links.lww.com/CCM/C452), compared with even or negative FB (Fig. E3 , Supplemental Digital Content 1, http://links.lww.com/CCM/C452).
Using logistic regression, positive FB, compared with even FB, was associated with 1-year mortality (AOR, 1.72; 95% CI, 1.55-1.92; Table E3 , Supplemental Digital Content 1, http://links.lww.com/CCM/C452). Using Gray's model, positive FB was associated with highest risk of death within the first 178 days after ICU admission (AHR range, 1.61-1.92). Subsequently, although this risk was attenuated (AHR, 1.30), the association persisted up to 365 days (p < 0.001) ( Table 3 and Association between positive FB and mortality was also present among the subgroup of patients who never received RRT (Table 3 ; (Table 3) . We found no difference in mortality between those who received continuous RRT (CRRT) versus intermittent hemodialysis (AOR, 1.35; 95% CI, 0.97-1.87; p = 0.0706).
Negative FB, when compared with even FB, was not associated with mortality using logistic regression (AOR, 1.067; 95% CI, 0.94-1.21; Table E3 , Supplemental Digital Content 1, http://links.lww.com/CCM/C452). However, using Gray's model, negative FB had variable association with mortality. Up to 11 days following ICU admission, negative FB was associated with lower mortality (AHR, 0.81; 95% CI, 0.68-0.96) ( Fig. 2A and Table 3 ). After 88 days, negative FB was associated with higher mortality that persisted up to 365 days (AHR, 1.16-1.22) ( Fig. 2A and Table 3 ). This variable association was also present among the subgroup of patients who never received RRT (Table 3 ; Fig. E5C , Supplemental Digital Content 1, http://links.lww.com/CCM/C452). Whereas patients with negative FB, when compared with positive FB, had lower mortality throughout 365 days (AHR range, 0.48-0.84) ( Fig. 2C; and Table 3 ).
Association Between FB and Renal Recovery in Patients Receiving RRT
Of patients receiving RRT (n = 1,545), the distribution of negative, even, and positive FB before initiation of RRT were 5.8%, 19.1%, and 75.1%, respectively. Minor differences were noted in race, body mass index, hypotensive index, baseline serum creatinine and estimated glomerular filtration rate, and RRT modality ( Table E5 , Supplemental Digital Content 1, http://links.lww.com/ CCM/C452). Negative FB was more prevalent in patients with history of cardiac disease, heart failure, and multiple comorbidities. Patients with positive FB were more likely to have history of chronic liver disease, were admitted under surgical service and for liver transplantation, and receive CRRT.
Patients with positive FB received more fluids in the first 24 hours of ICU admission; were severely ill and more likely to receive mechanical ventilation; were a median 10 L positive at 7 days after ICU admission, and had higher hospital length of stay. There was delayed initiation of RRT among patients with positive FB. Vasopressor use was more common among patients with even FB. There were no differences in the distribution of mortality or renal recovery between the three FB groups (Table E5 , Supplemental Digital Content 1, http://links. lww.com/CCM/C452). Of the subgroup of 585 survivors (37.9%) at 1 year, 462 (79%) were independent of RRT.
After propensity matching, there was no difference in renal recovery (Table E2 , Supplemental Digital Content 1, 
DISCUSSION
Among critically ill patients, positive FB, compared with even and negative FBs, was associated with higher risk of death persisting up to 1 year, whereas negative FB, compared with even FB, had variable association: Early on after ICU admission, it (20) for association between fluid balance (FB) and mortality for each time interval. Models for all subjects, non-renal replacement therapy (RRT) and non-acute kidney injury (AKI) subgroups included six time intervals and five time nodes, whereas RRT subgroup included seven time intervals and six time nodes. For each of the above models, the default timing of nodes is chosen by the statistical program based on number of observations within each time interval. A hazard ratio < 1 suggests that FB is associated with lower mortality and a hazard ratio > 1 suggests FB is associated with higher mortality. p values reported are for the ranges of hazard ratios from the model. b Adjusted for age, race, baseline serum creatinine, body mass index, comorbidities, cardiac disease, heart failure, liver disease and associated sequelae, liver transplant, malignancy, surgery, admission Acute Physiology and Chronic Health Evaluation III score, vasopressor use, mechanical ventilation use, suspected sepsis, and hypotensive index, oliguria, AKI stratified according Kidney Disease Improving Global Outcomes guidelines (17) , and RRT use (except in the RRT subgroup).
Critical Care Medicine www.ccmjournal.org e755 was associated with lower risk, subsequently however, negative FB was associated with higher risk of death that persisted up to 1 year. Among patients receiving RRT, neither negative nor positive FB was associated with renal recovery.
Our study addresses several knowledge gaps not addressed by prior literature. First, previous studies that found association between positive FB and mortality have only used negative FB (8) as a comparator population resulting in over estimation of the benefit of negative FB (or harm associated with positive FB) in critically ill patients, whereas our study is the first to compare patients with positive to that of even FB comprising nearly one third of ICU patients. Although our finding CIs for risk of death over 365 d estimated from Gray's model using five time nodes and six intervals. A hazard ratio < 1 suggests that FB is associated with lower mortality, and a hazard ratio > 1 suggests that FB is associated with higher mortality. Models were adjusted for age, race, baseline serum creatinine, body mass index, comorbidities, cardiac disease, heart failure, liver disease and associated sequelae, liver transplantation, malignancy, surgery, admission Acute Physiology and Chronic Health Evaluation III score, vasopressor use, mechanical ventilation use, suspected sepsis, and hypotensive index, oliguria, acute kidney injury, and renal replacement therapy use. Negative FB, when compared with even FB, is associated with decreased risk for death in the first 21 d after ICU admission, however subsequently, the risk of death is significantly higher from 88 d up to 1 yr (A). Positive FB, when compared with even FB, is associated with increased risk of death over 1 yr. This risk was much higher early on and is relatively less from 178 d after ICU admission till the remainder of the year (B). Negative FB, when compared with positive FB, was associated with decreased risk of death over the 1 yr with the lowest risk up to 11 d after ICU admission (C).
suggests that positive FB is associated with mortality, our risk estimates for positive FB and mortality were somewhat modest compared to patients with even FB.
Second, we used propensity matching to account for indication bias for fluid administration and also extensively adjusted for severity of illness, severity of hypotension, as well as other variables to account for residual confounding, and performed sensitivity analyses which other studies have not addressed. Our finding suggests that positive FB per se is associated with long-term risk of death independent of severity of illness. Third, we found a significant interaction between positive FB and RRT, such that patients with positive FB who received RRT had lower mortality compared to patients with even FB (Fig.  E4 , Supplemental Digital Content 1, http://links.lww.com/ CCM/C452). Taken together, these findings suggest that once fluid overload has occurred, mechanical fluid removal may lower long-term risk of death.
Fourth, using Gray's modeling approach to delineate the varying hazard of death associated with exposure to positive or negative FB at various time intervals, we found that negative FB, compared with even FB, was associated with lower mortality only in the short term but increased mortality in the long term. This finding is in contrast with the propensity-matched analyses, which may have been underpowered to detect small differences in mortality due to small sample size. Furthermore, the potential early benefit associated with negative FB might have attenuated any harm driving the association toward null in the propensity-matched analyses and the multivariable logistic regression models.
We believe that the short-term mortality benefit associated with negative FB might be due to ICU care since most patients remain on organ support. However, the mechanism behind increased long-term risk are unknown and not previously reported in the literature. Also, prior studies only compared patients with negative FB to that of positive FB and have overestimated the mortality benefit associated with negative FB (11) . Our study challenges the existing paradigm and suggests that negative FB is relatively "beneficial" only when compared with patients with positive FB, which is a pathologic state, whereas negative FB is associated with harm when compared with patients with even FB, which may represent a physiologic state.
Our study finding has implications for clinical care. For instance, negative FB is currently advocated for liberating patients early from mechanical ventilator (5). However, the long-term consequences of such recommendations are unclear. Nevertheless, our study supports other studies that found evidence of harm associated with negative FB. For instance, in the Fluid and Catheter Treatment Trial, patients randomized to conservative fluid management strategy, though liberated from mechanical ventilator earlier, had a higher risk of neurocognitive dysfunction at 1 year than those randomized to liberal fluid management strategy (12) . Thus, our study suggests further research is needed to disentangle the relative benefit and harm associated with negative FB.
Fifth, in our study, both negative and positive FBs prior to initiation of RRT were not associated with renal recovery. Our findings differ from prior studies that showed fluid overload at dialysis initiation is associated with dialysis dependence at hospital discharge (23) and at 1 year (24) . These conflicting results underline a need for better understanding of the impact of FB on long-term renal recovery.
Our study has important limitations. First, given the observational nature of the study, it is not possible to make causal inferences between FB and outcomes. Second, we only calculated FB from ICU admission since FB charting in the emergency department or ward is known to be unreliable (25) , which could have resulted in misclassification of FB. Nevertheless, this misclassification is nondifferential and is only likely to bias the results toward the null hypothesis. Third, we do not know whether patients in the even FB category represent euvolemia. Nevertheless, we chose 0-5% FB as euvolemia because most patients who receive fluids in the first 24 hours of ICU admission are presumed to have unaccounted hypovolemia. Nevertheless, our sensitivity analysis shows that even when euvolemia was defined -5% to 0%, association between negative or positive FB on outcomes was unchanged. Fourth, being a retrospective study, we were unable to account for any measurement errors related to weight. Fifth, we treated all variables with constant hazard in the Gray's model, which might have introduced residual confounding due to time-varying nature of some of the variables (e.g., severity of illness). Sixth, being a single-center study, our study may not be generalizable to other ICU populations. Nevertheless, our ICU patient population included a variety of medical and surgical patients typical of academic medical center ICU population.
CONCLUSIONS
In this large study, we found patients with positive FB had higher 1-year risk-adjusted mortality compared to patients with even FB. This mortality risk associated with positive FB was attenuated by use of RRT. Whereas patients with negative FB had variable association with mortality. Early after ICU admission, negative FB was associated with decreased risk of death. Later on, however, it was associated with higher mortality that persisted up to 1 year. Among patients receiving RRT, FB was not associated with renal recovery.
